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Abstract: In lost foam casting (LFC), the distribution of polymer beads during the bead filling process is not 
uniform, and the collision between polymer beads determines the distribution of two-phase flow of gas and solid. 
The interaction between the gas and solid phases reveals as coupling effect of the force that gas exerts on 
particles or vice versa, or that among particles. The gas-solid flow in filling process is nonlinearity, which makes the 
coupling effect an essential point to carry out a simulation properly. Therefore, information of each particle’s motion 
is important for acquiring the law of filling process. In bead filling process, compressed air is pressed into mold 
cavity, and discharged from gas vent, creating a pressure difference between outer and inner space near the gas 
vent. This pressure difference directly changes the spatial distribution and motion trace of gas and solid phases. In 
this paper, Discrete Element Method (DEM) and Computational Fluid Dynamics (CFD) are employed to simulate 
the fluid dynamic character based on Newton’s Third Law of Motion. The simulation results of some casting 
products such as pressure plate and valve handle are compared with the result obtained from practical experiment 
in order to test the feasibility of DEM. The comparison shows that this DEM method can be a very promising tool in 
the mould filling simulation of beads’ movement. 
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he filling process of polymer beads in lost foam casting 
(LFC) is complex due to the fact that it is a typical 
process of two-phase flow involving the high-speed gas phase 
and the polymer bead phase. Gas-solid two-phase flow occurs 
widely in engineering field, and it has been investigated and 
experimented for many years 
[1-4]. However, some of the 
mechanisms are still not clear, and the influential factors are 
rather complicated, which limited the related analysis and 
research of the experiment-based traditional approach. 
With the development of computer technology and 
introduction of hydrodynamic theory, numerical simulation 
combined with mathematics and fluid mechanics has become 
an important tool in simulation of beads-filling process in 
casting industry
 [5-6]. Discrete Element Method (DEM) model 
is established in this paper to research the dynamic property of 
gas-solid flow in bead-filling process of LFC. 
DEM model was raised by Cundall and Sreack, known 
as Discrete Particle Model (or DPM) when it was applied to 
particle system
 [7]. In DEM-CFD model, the Eulerian method is 
used for the gas phase, while the Lagrangian method is applied 
for tracing discrete particle in the particle field. The key of 
DEM model is discretely processing particle phase. Since the 
particle-collision models as well as the computation method 
are different, the particle discrete simulation usually uses three 
models/methods, including hard sphere model, soft sphere 
model and Monte Carlo method. In this approach, particle 
collision can be described by the hard sphere model and the soft 
sphere model, while particle movement can be calculated by the 
Monte Carlo method. These three models/methods are different 
in calculation efficiency, and they are used in different fields.
Hard sphere model and soft sphere model are different in the 
following four aspects:
(1) Static property
For usual gas-solid dynamic system, under condition 
that particle movement is frequent enough and void ratio 
is adequate, the calculated speed of simulating hard sphere 
is faster than that of soft sphere. However, when some part 
of field appears de-fluidized, particles will be pushed into 
together tightly, and the relative speed decreases, which will 
then increase the amount of calculation sharply
 .
(2) Elastic stiffness
Soft sphere model is able to calculate all elastic stiffness 368
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value theoretically up to the computation capacity. In 
principle, it can predict the time of particle collision, which 
is very important for study on the process coupled with heat 
transmission and mass transfer. But meanwhile, if the elastic 
stiffness value is too small, it will not make any sense of 
calculation. 
(3) Energy conservation
Hard sphere model has the advantage of being able to 
analyze energy conservation in collision model, that is, once 
the speeds before and after collision are assigned, energy 
consumption can be easily calculated, while soft sphere model 
can never do this because its precision determines on the time 
step of numerical integral, which is assumed artificially.
(4) Multi-spheres collision
The most obvious disadvantage of hard sphere model is that 
it can only deal with two spheres collision, not collision of 
three spheres or more. As to the particle flow in high density, 
the calculation may make mistakes on particles collision 
dynamics. But all of these cases can be dealt with by soft 
sphere model.
Compared with two former models, the Monte Carlo 
method has the advantage of fast enough calculation. 
Besides, it is based on particle dynamic theory, and particle 
speed distribution function generated by random sampling 
can be done by computer conveniently. These two main 
advantages make the Monte Carlo method more suitable 
for calculating speed distribution function than by dynamic 
theory directly. These three methods are complementary but 
not interchangeable, and they are all important to research the 
particle flow mechanism and to resolve some relevant practical 
problems.
DEM presents a method to research macro mechanics 
properties from micro structure, and gives some fundamental 
laws about particle flow and dynamics. With the development 
of computer calculation capability, simulation system becomes 
more feasible for practical applications, though DEM focuses 
on a small amount of particles, which is quite different from 
practical conditions.
Accordingly, considering that the polymer beads are of 
small density and the time of collision among them is short, 
the filling process of gas-solid flow will be simulated by hard 
sphere model in this paper.
1 Governing equations
The theory of gas-solid flow in filling process and the relatively 
important technology, such as force model of polymer beads, 
coupling between phases, confirmation of parameters etc, are 
discussed based on Newton’s Third Law of Motion combined 
with DEM and CFD. 
The gas phase continuous equation is as follows: 
          
 
 (1)
where ug is velocity of gas, ρg is density of gas, and eg is void 
ration.
There are no mass transform between gas and solid in bead 
filling process. The equations of gas phase momentum are 
listed below:
  
(2)
  
 (3)
 
            (4)
where τg is stress tensor of gas, μg is gas dynamical viscosity 
coefficient, Sp-g is interactive force between particle phase 
and gas phase acquired by calculating particle phase, P is gas 
pressure, g is gravity acceleration, I is unit tensor, and Δx, Δy, 
Δz are mesh sizes.
Particle movement pushed by external force conforms 
to Newton’s second law. Considering that the particle only 
receives gravity and the drag force from gas, the particle 
movement equation is as follows:
        
(5)
where vp is particle velocity, Cd is drag force coefficient, ρp is 
the particle density, and dp is the diameter of the particle. To 
simplify the calculation, those cases that the particle Reynolds 
number is less than 0.4 are disregarded. The drag coefficient 
Cd refers to the formula given by Richardson and Rowe shown 
below:
(6)
Rep is particle Reynolds number defined as:
            
(7)
When Hoomans et al. dealt with phase coupling, they 
adopted an empirical relation to calculate force on particles 
phase by gas phase, and another to counterforce on gas phase 
by particles phase. But this treatment results in imbalance of 
the interaction force between the two phases, and goes against 
Newton’s third law of motion. To maintain the conservation 
of interaction force, the counterforce on gas phase by particles 
phase is supposed to equal with the force on particles by gas. 
Then, according to Newton’s Third Law of Motion, volume 
force on gas by particles is:
              
(8)
where Fd is drag force on particle phase by gas phase, ΔV 
is volume of calculating mesh, ΔV=Δx·Δy·Δz, and kc is the 
number of beads in meshes.
2 Results
The common methods applied to solve nonlinear equations 
in the model include SIMPLE, MAC, SMAC and SOLA. Dr. 
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Wang
[8] analyzed the convergence, iteration and calculating 
time by making a comparison among SIMPLE, SMAC and 
SOLA methods, and concluded that SOLA method is the best 
one because of higher iteration efficiency and shorter CPU 
calculating time. Therefore, SOLA is adopted in this research 
to calculate the movement of the gas flow. 
Clutch is an important part of automotive transmission used 
to maintain automobiles to start smoothly, to transmit shift 
immediately and not to be overload. Pressure plate, the main 
part of clutch which connects clutch to engine tightly, is the 
research object in this study. Generally, clutch pressure plate is 
a casting of round plate, with supporting lugs at fringe, and 3 or 
4 load transfer lugs on outer sphere, as shown in Fig.1 (a). Its 
overall diameter is 180 mm, and the foam pattern is produced 
with gating system.
Valve handle is usually a ring plate casting, contains 
turntable frame, fitting pad in the center of turntable, stiffening 
rib to connect turntable and fitting pad, as shown Fig.1 (b). 
Clutch pressure plate as well as valve handle is a kind of 
ring-shaped plate castings, with rib or cross gate connecting 
the centre part. To simplify the simulation process, the 
parts and their filling process are simplified as demonstrated 
in Fig.2. Due to the application of hexahedral mesh, there 
will be too many faces in the stiffening rib of the original 
part during meshing. Since the increased faces in numerical 
simulation will increase collision of bead onto the surface 
of the stiffening rib which actually does not occur, the 
stiffening rib is therefore simplified to be a straight one and 
carry out numerical simulation on the condition of having 
little affect on simulation result. The beads are assumed to 
be the same mono-sized particles with diameter of 1 mm, 
and density of 20 kg·m
-3. Uniform grid is adopted, and the 
mesh is set at dx = 2 mm in dimension, giving the total 
number of meshes at 14,400. Gas density is 1.205 kg·m
-3, 
gas viscosity is 1.79 × 10
-5 Pa·s, and gravity acceleration is 
9.81 m·s
-2 with the same direction as filling process. 
 (a) Clutch pressure plat                                                                     (b) Valve handle
                                         Fig. 1: 3D drawing of the parts
The particles are numbered to track their movement. 
Different colors are used to mark particles of different ranges 
of numbers, for example, the green standing for numbers 1 to 
5,000, and red for those 5,001 to 30,000. Thus, the particles’ 
distribution can be shown obviously.
The numerical simulation result of the filling process is shown 
in Fig.3, and pressure profiles of gas phase in Fig.4. In initial stage 
of filling process, the pressure in the ring part is higher than that in 
the four channels. The pressure in the centre inlet, which appears 
as a rhombus, is the highest and spreads from centre to periphery. 
The flow of beads rapidly collides with the bottom of the mould 
(a) The simplified part                                                                (b) The filling process
Fig. 2: the simplified product and filling process 
because of the narrow mould cavity in shooting direction, and is 
rebounded radially outward. When polymer beads are shot into 
the four channels from the centre inlet by compressed air, the 
pressure in the ring part reduces and that at walls of connecting 
channels increases. After that, beads move into the circum and 
collide with the wall. The rebounded beads will converge at the 
middle of one fourth circum when spreading around, and then pile 
by the gravity and collisions. The circum part is firstly filled, and 
then the neighboring four channels. When the channels are totally 
filled with beads, these particles will fill the inlet in model’s center 
part. Then the filling process is finished.370
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                                            (d) 0.84 s                                              (e) 1.10 s                           (f) 1.67 s 
Fig. 4: The numerical simulation of the pressure profiles
(a) 0.12 s                                        (b) 0.25 s                          (c) 0.61 s   
                             (d) 0.84 s                        (e) 1.10 s                        (f) 1.67 s 
Fig. 3: The numerical simulation result of filling process
(a) 0.12 s                        (b) 0.25 s                          (c) 0.61 s
               (a) Simplified part                        (b) Mold
Fig. 5: Mould structure371
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The result of filling process simulation adopting DEM 
will be compared with that of practical experiment to test the 
feasibility of DEM. Clutch pressure plate and valve handle 
are simplified based on their same structure, and the common 
mould for experiment is designed as shown in Fig.5. In 
the front of the aluminum mould a synthetic glass is fixed 
hermetically for observation. The mould cavity is painted 
In Fig.7, green color represents those particles with the 
numbers from 1 to 8,000, while red color represents those 
from 8,001 to 40,000. Figure 8 shows that, during the initial 
stage, the pressure at outer circum is the lowest, next at 
inner circum and the pressure at centre inlet is the highest. 
Polymer beads firstly fill the outer circum, and as the filling 
process continues, the pressure at outer circum increases, 
and then beads fill the inner circum. When the beads pile up, 
the pressure increases gradually from outer to inner until the 
filling process finishes. 
black also for convenience of observation on the contrary of 
the white color of polymer beads.
The comparisons between the simulation result and 
experiment result are shown in Fig.6 and Fig.7. It can be seen 
that the simulation result mainly accords with the experiment, 
which is evident the feasibility of the method to simulating 
filling process in LFC.
  (a) 0.32 s                   (b) 1.77 s         (c) 3.16 s              (d) 4.52 s
Fig. 6: The experiment result
 (a) 0.12 s             (b) 0.32 s                 (c) 0.68 s         (d) 1.29 s 
                       (e) 1.77 s                   (f) 2.25 s       (g) 3.16 s          (h) 4.52 s
Fig. 7: The simulation result
3 Summary
The numerical simulation was carried out to study the fluid 
dynamical character during bead filling process in LFC based 
on DEM. The motion of polymer beads is related to gas 
pressure distribution closely, because the pressure difference 
between outer and inner space near gas vents is the driving 
force of filling process. 
The simulation of bead-filling process for pressure plate and 
valve handle parts based on DEM is compared with the result of 372
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visible experiment. It can be found that the simulation matches 
the experimental results reasonably well, suggesting that this 
method for beads filling process is quite efficient and adequate.
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